A prerequisite for tissue electrolyte homeostasis is highly regulated ion and water transport through kidney or intestinal epithelia. In the present work, we have monitored changes in the cell and luminal volumes of type II Madin-Darby canine kidney (MDCK) cells grown in a 3D environment in response to drugs, or to changes in the composition of the basal extracellular fluid. Using fluorescent markers and high-resolution spinning disc confocal microscopy, we could show that lack of sodium and potassium ions in the basal fluid (tetramethylammonium chloride (TMACl) buffer) induces a rapid increase in the cell and luminal volumes.
Introduction
The functionality of both secretory and absorptive organs is dependent upon the lumen size and transepithelial transport capacity, which requires an appropriate segregation of transporters and channels to the apical and basal domains (Datta et al. 2011; Rodriguez-Boulan and Macara 2014) . A characteristic of mammalian kidney function is glomerular filtration and the subsequent reabsorption of sodium and chloride ions and water in the renal tubules. Glomerular filtration may be reduced, or even abolished, during renal failure, leaving only tubular secretory mechanisms in the nephrons as a means to form urine.
Efficient secretory and absorptive mechanisms are especially needed when the organism is faced with drastic changes in the environment. In order to remain functional under these conditions, the kidney epithelium must have the capacity to regulate transcellular transport, as well as the cell and luminal
volumes (Grantham and Wallace 2002).
Fluid secretion through epithelial cells is initiated by chloride secretion. Chloride channels can be classified according to their gating characteristics: (i) extracellular ligand-gated channels (GABA and glycine receptors), (ii) voltage-gated chloride channels (ClC-family), (iii) cAMP-PKA activated channel (cystic fibrosis transmembrane conductance regulator CFTR), (iv) volume-regulated, or volume-sensitive anion channels (VRAC, VSOR, VSOAC, VSORCC), and (v) calcium-activated chloride channels (CaCCs) (Hoffmann et al. 2014 ).
Some of these, such as the ClC family and CaCCs (anoctamins) are widely expressed, whereas CFTR, stimulated by cAMP, is expressed in epithelia and cell lines derived from secretory organs (Bi et al. 2014; Kunzelmann 2015; Tanner et al. 1992; Terryn et al. 2011; Wallace 2011) . CFTR-induced water transport is especially evident in autosomal dominant polycystic kidney disease (ADPKD), the most frequent inherited nephropathy; the disease is characterized by liquid-filled cysts that ultimately occupy the whole kidney (Sullivan et al. 1998; Terryn et al. 2011; Wallace 2011) . A widely accepted model of cAMP-mediated cyst expansion consists of apical chloride ion secretion through CFTR and calcium-activated chloride channel anoctamin 1 (ANO1, also called TMEM 16), compensated by basal chloride ion influx via Na
creates a negative transepithelial potential in the lumen, which is balanced by the transport of sodium ions to the luminal side. The net addition of sodium and chloride ions into the luminal fluid drives the osmotic movement of water into the lumen (Buchholz et al. 2014a; Frizzell and Hanrahan 2012; Noda et al. 2010; Verkman et al. 2014; Wallace 2011) .
Although the hormonal and chemical stimuli regulating the secretion and absorption of ions and water via epithelial pumps and channels are well characterized, very little is known about the actual mechanisms by which the cells respond structurally to these stimuli. Madin-Darby canine kidney (MDCK) cells form cysts when cultured in a collagen I or matrigel matrix. These cells have served as a kidney cell model for the analysis of the regulation of lumen formation and enlargement in response to chloride and water secretion in the presence of forskolin, which leads to elevation of cAMP (Buchholz et al. 2014a; Li et al. 2004; Tanner et al. 1992; Yang et al. 2008; Yuajit et al. 2013) . In all of these experiments, the authors have used MDCK cells expressing endogeneous or transfected CFTR, and cyst enlargement occurred over culture periods of 6 to 12 days, during which time it can be reasonably assumed that cell proliferation and cell rearrangement both contributed significantly to the observed structural changes of the cyst and lumen.
There are several MDCK strains, of which at least nine seem to be unique (Dukes et al. 2011 
Materials and methods
Confocal spinning disc time-lapse microscopy was employed to monitor MDCK cystogenesis and cyst behaviour under various conditions with the aid of fluorescent markers.
Imaging software was used to analyze the cyst shape and measure the changes in the lumen and cell volume, the apical and basal surface areas, and the cell height, i.e. the length of the apico-basal axis.
Cell strains and culture conditions
The (Li et al. 2004; Vääräniemi et al. 1994; 1997) . The buffer compositions are summarized in Table 1 and their osmolalities were as described by Vääräniemi et al. (1997) .
Stock solutions of 10 mM forskolin, 10 mM CFTR inh -172, 20 mM CaCC inh -A01 and 10 mM lubiprostone were made in DMSO. CFTR inh -172 and CaCC inh -A01 were then diluted in TMACl buffer to make a 10 µM and 20 µM working solutions, respectively. Lubiprostone was diluted in HBSS or KCl buffer to make a 10 µM working solution. For experiments with forskolin, cells were grown in the presence of 10 μM forskolin and fresh supplements were added to the cells daily. The total concentration of DMSO that the cells were exposed to was never higher than 0.1% (v/v). The effect of DMSO on cell and cyst area was evaluated and was found to have no detectable impact on cyst behavior (data not shown).
Preparation of fixed samples for confocal microscopy
For confocal microscopy of cell cysts, a 20 mm flexiPERM conB silicon adapter (Greiner Bio-One, Monroe, NC, USA) was attached to an objective slide and Matrigel-E-MEM solution was applied and allowed to solidify. 60 000 cells were seeded on top of the Matrigel, as described by Debnath and co-workers (2003) and Töyli and co-workers (2010) , and the cells were allowed to grow for 3-5 days. In order to visualize the integrity of tight junctions in the various media, the cells were then incubated in the presence of HBSS, TMACl, or sodium gluconate, for 120 min at + 37 °C. For comparison, the cells were incubated for the same 120-min period in the presence of 1 mM EGTA, a calcium chelator known to open cell-cell junctions.
The fixation method was as follows: after incubation in a given medium, the cysts within the Matrigel were washed three times with PBS, fixed with 500 µl of 1% paraformaldehyde (PFA) for 15 min at room temperature, and carefully washed three times for 10 min with PBS. 500 µl of 0.2% Triton-X in PBS were added and the cysts were incubated at room temperature for 15 min. The Triton-X solution was then replaced with 150 µl of primary antibody solution, and the cysts were incubated for 4 h at room D r a f t 8 temperature, and washed with PBS for 3x10 min. This procedure was repeated with the secondary antibodies, except the cysts were incubated for 1 h at room temperature. The cysts were then washed 3x10 min with PBS and twice with distilled water. After careful aspiration of the water, the silicon ring was removed and excess water was aspirated. Shandon Immu-Mount (Thermo Scientific, Waltham, MA, USA) was added, a cover glass (24x40 mm) was placed on top of the cysts and the sample was allowed to dry over-night. Experiments were repeated 2-3 times.
Confocal microscopy of fixed cells
The Z-stack images of cysts were captured with an Olympus FluoView 1000 laser scanning confocal microscope using UPLSAPO 60x/1.35 oil-immersion objective. Excitation wavelengths of 405, 488 and 543 nm and appropriate emission filters were used for DAPI, rr1 and occludin, respectively.
Quantification of lumen and cyst size
For each condition visualized with the spinning disc microscope, 8-36 cysts were selected for quantitative analysis. For each time point, a layer from the Z-stack where the surface areas of the cyst and lumen were the largest was selected. This maximal cross-sectional area of the lumen and the cyst in the selected layer
was measured with the Zen image processing program provided by Carl Zeiss AG. Mean values and standard errors were calculated and plotted onto a graph using Excel (Microsoft, Redmond, WA, USA).
Imaris software (Bitplane, Belfast, United Kingdom) was used to render a three-dimensional representation of the luminal space, using the Surface function (Fig 1) . Based on the assumption that both the cyst and lumen are spherical, the radii of the cyst and lumen were determined and their volumes and surface areas were calculated. The volume of the cells was obtained by subtracting lumen volume from cyst volume.
experiments; KCl, n = 17, two sets of experiments; KCl with nigericin, n = 14, two sets of experiments; lubiprostone in KCl, n = 8, two sets of experiments.
Quantification of cell height
To quantify the changes in cell height caused by the expanding lumen, a layer from the Z-stack in which the surface area of the lumen was the largest was selected for time points of 0 and 2.5 hours. For each such section, the cell height in eight directions was measured with the Zen image processing program (Carl Zeiss AG). The directions chosen were the same for every cyst. The ratios of the measurements taken at 2.5 hours relative to the 0 hour time point value were determined and the mean values were calculated from these ratios.
Statistics
Two-tailed Student's paired t-test with equal variance was used to assess the significance of the changes of lumen and cyst areas with time. P-values were categorized as not significant (P > 0.05), significant (P < 0.05, denoted with *) and very significant (P < 0.01, denoted with **).
Results
In the present work, we have established a MDCK cell culture model for the analysis of the dynamics of lumen formation over short time-spans, and visualization of the cysts, cells and lumina using high resolution confocal microscopy and imaging software. The approach described here allows to minimize the contributions of cell number changes related to proliferation or apoptosis that inevitably occur in longer term culture settings, and that can significantly complicate the interpretation of the experimental observations.
We have employed the method to elucidate the cells' capacity to respond to changes in the composition of the extracellular milieu, or to changes of membrane potential. This approach gives access to valuable information on the behavior of kidney cells under extreme situations, or under the influence of drugs affecting the ion pumps or channels.
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Illumination of the cells does not affect the cyst size during the first 4 hours.
In order to test whether illumination of the cells by the excitation light used by spinning disc microscope had any significant effect on the cell or cyst volumes, the cell cysts were illuminated overnight in culture medium containing serum (Figs 1 and 2 ). The size of the cell cysts and lumina remained constant for 10 hours. When the culture medium was replaced with Hanks' balanced salt solution (HBSS), where glucose is the only source of energy, the cysts collapsed after four hours, presumably due to shortage of ATP and serum (Fig 2) . Therefore, in the experiments aiming to analyze the cell responses to various stimuli, quantitative measurements were only carried out using images collected during the first 2.5 hours of culture under the test conditions.
Lack of monovalent cations in the basal fluid induces water secretion to lumen.
We investigated the effect of monovalent cation and chloride ion depletion in the extracellular (basal side)
buffer surrounding the cysts on the cell and lumen volumes. Monovalent cations were removed from the extracellular buffer by replacing the medium with tetramethyl ammonium chloride (TMACl) buffer, which induces a hyperpolarization of the cells due to efflux of monovalent cations, and particularly potassium ions to the basal side (Vääräniemi et al. 1997) . Under these conditions, an average luminal volume expansion of 2.2-fold, accompanied by a 70% increase of the apical membrane surface area, was observed within 2.5 hours (Figs 3, 4, and 7, Table 2 ). The cell volume increased by 24%, causing a 22% increase of basal surface area. Thus the hyperpolarization clearly induced an extensive flow of water into the cells through the basal side that the apical channels were not able to secrete into the lumen at the same rate. However, the cell height remained almost constant ( Table 2 ), suggesting that the increase of the apical membrane area resulted from the opening of the apical membrane folds, rather than from a reduction in the length of the lateral walls or changes in cell shape.
Chloride ion depletion in the basal fluid induces water re-absorption.
The effect of chloride ion depletion on the cyst and cell behavior was investigated by incubating the cultures in sodium gluconate solution. Under these conditions, the volume of the cells remained constant, D r a f t while the lumen size decreased significantly within 2.5 hours (Figs 6 and 7, Table 2 ). The results show that transcellular water flow takes place from the lumen to the basal side, most likely induced by the transport of chloride ions along their concentration gradient. In order to confirm that water flow from the lumen was not due to the opening of tight junctions (TJ), we performed an immunofluorescence microscopy analysis of tight junction protein occludin and the adherens junction protein E-cadherin in the cell cysts fixed in various media (Fig 5) . The TJs remained intact both in TMACl and in sodium gluconate solution, confirming that transepithelial water flow can occur in both directions under these conditions. EGTA treatment induced the clustering of occludin at the apical membranes, whereas E-cadherin staining remained localized in the lateral cell walls (Fig. 5D ).
Depolarizing conditions induce cell swelling and water re-absorption.
The effects of sodium ion deficiency on cyst behavior were investigated by incubating the cells in KCl solution, with or without nigericin, a proton-potassium exchanger which opens the membrane to monovalent cations. Extracellular KCl buffer reduces the transmembrane potential of the cells, while nigericin supplement leads to a complete depolarization of the cell interior (Vääräniemi et al. 1997) . In KCl buffer, without nigericin, the cell size remained constant, while lumen size decreased (Figs 6 and 7) . Hence, the lack of sodium does not create a similar driving force for chloride secretion or water transport as the lack of both potassium and sodium ions did, but rather causes the re-absorption of water. Nigericin treatment in KCl buffer led to decreased lumen size and increased cyst size due to cell swelling by the Donnan effect, i.e. water influx caused by the presence of large inorganic anions in the cytoplasm (Figs 6 and 7, Table 2 ). The lumen size decreased confirming the fact that transepithelial water flow towards the lumen requires a luminal negative potential, which activates chloride channels.
Agonists and inhibitors of chloride channels induce changes in the cell, cyst and lumen size.
In order to identify possible candidate channels responsible for the chloride secretion and re-absorption, we examined the effects of known chloride channel agonists and inhibitors on the cell, cyst and lumen sizes.
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First, we tested whether the effects of forskolin and lubiprostone, two activators of chloride secretion in epithelia, could be observed in our experimental set-up. Forskolin is a cAMP agonist while lubiprostone is an activator of CFTR and ClC-2. Both reagents induced lumen expansion (Table 2 and Fig. 3 ), forskolin treatment led to a 1.2 -fold increase of the luminal surface area, and a 1.3-fold increase of the luminal volume, while the increases induced by lubiprostone were 1.3-fold and 1.5-fold, respectively.
We then tested the effects of two chloride channel inhibitors, CFTR inh -172 and ANO1-inhibitor. CFTR inh -172, which inhibits CFTR and VSORCC, completely abolished TMACl-induced lumen expansion in type II MDCK cells, while the ANO1-inhibitor only partially inhibited the lumen expansion (Fig 3, Table 2 ). To elucidate the mutual effects of cAMP and of the luminal negative potential, we tested the respective effects of forskolin and TMACl on cyst and luminal expansion ( In order to analyze whether the activation of chloride channels could take place under depolarizing conditions, we tested the effect of lubiprostone in the presence of nigericin in KCl buffer. Under these conditions, lubiprostone induced increases of 1.3-fold and 1.5-fold in the lumen area and volume, respectively (Fig 6, Table 2 ). Hence, the TMACl-induced hyperpolarization and lubiprostone-or forskolininduced cAMP activation both lead to the same outcomes: increased chloride ion secretion and subsequent transepithelial water flow, resulting in lumen expansion due to intraluminal hydrostatic pressure.
The time-course of the changes in the cell, cyst and lumen volumes under the different conditions is summarized in Fig. 7 .
Discussion
Three-dimensional cell culture systems can be of utmost importance for testing therapeutic applications, e.g. in testing the therapeutic response of tumour cells to various compounds or irradiation, or in evaluating the invasive capacity of transformed cells in vitro culture models can be expected to have D r a f t 13 significant potential in designing preclinical tests and models for genome editing. One such example is provided by the work by Schwank and co-workers (2013) , who were able to show that human intestinal stem cells expressing normal CFTR could be stimulated by cAMP, inducing a rapid swelling of the organoid cluster. This response was lost in organoids derived from cystic fibrosis patients and could be rescued by functional repair of CFTR by genome editing.
Very little data is available relating to the actual behavior of a three-dimensional epithelial cyst in response to extracellular stimuli, such as changes in membrane potential or extracellular ion composition. In their pioneering work, Tanner and co-workers (1992) showed that MDCK cells cultured in a three-dimensional collagen matrix were capable of rapid responses to changes of the osmotic equilibrium of the environment.
When MDCK cysts were exposed to hypotonic medium, the cells first swelled, and this was followed by luminal expansion. The phenomena were reversible and both the lumen and cell volumes returned to their original states when the cultures were returned to the normal medium. Hence, the MDCK cells were shown to be capable of transcellular water flow. Several works have since shown that cAMP stimulation by forskolin activates apical chloride channels and induces transepithelial water flow into the MDCK lumen (Buchholz et al. 2014a; Li et al. 2004; Tanner et al. 1992; Yuajit et al. 2013 ).
In the present study, we used fluorescent markers and high-resolution spinning disc confocal microscope to collect three-dimensional image stacks of the cysts. Using the 3D data we were able to calculate the cyst, cell and lumen volumes separately. The short durations of the experiments allowed us to eliminate the influence of changing cell numbers on the interpretation of the result. We chose to use type II MDCK cells in this model, since they form well-developed cysts in 3D culture, thereby facilitating the measurements of both the cell and luminal dimensions. These cells are presumed to originate from the proximal tubule of the canine kidney; the chloride channels expressed by these cells are not well characterized, although it has been shown that they lack CFTR (Mohamed et al. 1997) . Our results show that the effects of depolarization, hyperpolarization, and several agonists and inhibitors of chloride channels can be studied using the type II water from the lumen and its flow towards the basal side. We have also shown that, on its own, a low sodium ion concentration is not critical, whereas a lack of both potassium and sodium triggered extensive water inflow from basal side. The present method also allows the investigation of the mutual roles of transporters located at the basal membrane, such as passive potassium channels, sodium-potassium ATPase, sodium-potassium-chloride cotransporters, and various aquaporins, in response to specific inhibitors to these proteins. The work presented here focuses on the transport capacity of MDCK cysts and the electrophysiological regulation of water transport.
Our results suggest that forskolin and lubiprostone are able to activate the apical secretory pathways of type II MDCK cells. The effects may be transmitted via the activation of apical chloride channels, or through other cAMP-mediated mechanisms. In this context, it is interesting that both forskolin and CPT-cAMP have D r a f t 15 been shown to induce the translocation of a water channel aquaporin 2 to the apical membrane of MDCK cell cysts (Rice et al. 2015) . Lubiprostone has been shown to have multimodal prostaglandin-like effects in the intestine and it enhances the contractility of intestinal smooth muscles (Chan and Mashimo 2013). In our experimental set-up TMACl-treatment induced cell swelling, suggesting that volume-sensitive channels may also participate in chloride secretion. Li et al. (2004) have shown that CFTR inhibitors diminish the forskolin-stimulated enlargement of type I MDCK cysts, whereas inhibitors both to CFTR and ANO1 caused a reduction of cAMP-stimulated Cl -ion current. Moreover, in their more recent studies Li et al. (2012) showed that Table 2 . Changes in cell, cyst and lumen volumes, apical and basal membrane areas and cell height after 2.5 hours in various environments.
Ctrl ( Figures   Fig 1. Visualization of Venus-CD59 MDCK cells in culture medium and 3D rendering of the luminal space with Imaris software. In order to determine the shape of the lumen within the cyst, a threedimensional model of the cyst was generated with the aid of Imaris software. Confocal sections of 5 day cysts were taken, with green being the lumen and blue the lateral membranes (A and B).
Subsequently, a 3D illustration of a lumen (C and D, from A and B, respectively) was rendered with the Imaris software. The generated model demonstrates that the lumina are also spherical. This allowed us to treat the cyst and its lumen as a sphere, which in turn allowed us to use maximal cross-section areas for later calculations of cell, cyst and lumen volumes and surface areas. The scale bar represents 20 µm. 
